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Thegenerationof specific typesof neurons fromstem
cells offers important opportunities in regenerative
medicine. However, future applications and proper
verification of cell identities will require stringent
ways to generate homogeneous neuronal cultures.
Here we show that transcription factors like Lmx1a,
Phox2b, Nkx2.2, and Olig2 can induce desired
neuronal lineages from most expressing neural
progenitor cells by a mechanism resembling devel-
opmental binary cell-fate switching. Such efficient
selection of cell fate resulted in remarkable cellular
enrichment that enabledglobal gene-expression vali-
dation of generated neurons and identification of
previously unrecognized features in the studied cell
lineages. Several sources of stem cells have a limited
competence to differentiate into specific neuronal
cell types; e.g., dopamine neurons. However, we
show that the combination of factors that normally
promote either regional or dedicated neuronal speci-
fication can overcome limitations in cellular compe-
tence and also promote efficient reprogramming in
more remote neural contexts, including humanneural
progenitor cells.
INTRODUCTION
Possibilities to exploit the therapeutic potential of stem cells
attract considerable public and scientific interest. For neurode-
generative disorders, cell-replacement therapy may become
realistic; e.g., in Parkinson’s disease (PD). Drug development
and studies of neuronal dysfunction will also be facilitated by
using neurons derived from stem cell lines or patient-derived,
induced pluripotent stem cells (iPSCs) (Dimos et al., 2008;
Hedlund and Perlmann, 2009; Soldner et al., 2009). However,
to harvest the potential of stem cells, the challenge will be to
develop in vitro neuronal differentiation methods that generate
specific enriched cell types in adequate numbers. The vastcomplexity of the central nervous system (CNS), with hundreds
of distinct neuron types specified during development, is a major
hurdle in these efforts. Thus, a major goal is to understand the
process of lineage selection under stem cell differentiation so
that highly efficient engineering of specific types of neurons
can be realized.
The positional specification of neuronal cell types under
normal development is controlled by extrinsic factors that
impose regional characteristics on neural progenitor cells at
early developmental stages. Clinically important cell types like
mesencephalic dopamine neurons (mDNs), somatic motor
neurons (sMNs), visceral motor neurons (vMNs), and seroto-
nergic neurons (5HTNs) are induced at defined ventral positions
of the neural tube in response to sonic hedgehog (Shh) signaling
(Hynes et al., 1995; Jessell, 2000). Along the anteroposterior
axis, the position of these neuronal cell types is further restricted
through the activity of other signaling molecules such as fibro-
blast growth factor (FGF) 8, Wnt1, and retinoic acid (RA) (Liu
and Joyner, 2001; Niederreither et al., 2000; Pierani et al.,
1999; Prakash et al., 2006; Ye et al., 1998). Signaling molecules
play key roles by controlling the establishment of distinct ventral
progenitor domains that can be defined by unique expression
profiles of transcription factors (Briscoe et al., 2000; Dessaud
et al., 2008; Jessell, 2000; Muhr et al., 2001). Some of these tran-
scription factors function asmore broad region-specifying deter-
minants, while others are expressed exclusively in individual
progenitor domains in which they mediate highly selective func-
tions (Andersson et al., 2006; Briscoe et al., 1999; Liu and Joyner,
2001; Novitch et al., 2001; Pattyn et al., 2000; Simeone et al.,
2002; Zhou and Anderson, 2002). These transcription factors
promote neuronal lineage specification by cross-repressive
interactions between transcription factors expressed in different
progenitor populations and by determining the fate of cells as
progenitors differentiate into neurons (Dessaud et al., 2008).
Thus, while extrinsic signaling molecules and broadly expressed
region-specifying transcription factors underlie the induction of
several cell types in a given region of the CNS, progenitor-spec-
ifying transcription-factor determinants have a more dedicated
function in neuronal fate determination.
Extrinsic signaling factors have been used to mimic devel-
opmental conditions and thereby control the generation of
specific neuronal subtypes from embryonic stem cells (ESCs).Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc. 663
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Efficient Neuron Lineage Selection from Stem CellsFor example, Shh and RA have been used to generate ESC-
derived sMNs having the capacity to innervate skeletal muscle
after transplantation to the embryonic neural tube (Lee et al.,
2007; Peljto et al., 2010; Wichterle et al., 2002), while growth
factors such as Shh and FGF8 are used to generate mDNs (Hed-
lund and Perlmann, 2009). However, a limitation with these ESC
differentiation protocols is that desired cell types only constitute
a fraction of all generated neurons, and the identity of remaining
cells remains unclear. An important step forwardwill therefore be
to develop methods that consistently achieve predictable cell-
lineage selection with very high efficiency so that desired
neuronal cell types can be enriched and correctly verified.
We have previously used forced expression of the mDN tran-
scription-factor determinant Lmx1a in differentiating mouse and
human ESCs and shown that expression of Lmx1a in ESC-
derived neural progenitor cells resulted in highly efficient gener-
ation of mDNs (Friling et al., 2009). In these experiments, ESC-
derived progenitors were exposed to Shh and FGF8, a signaling
environment that normally induces other types of ventral
midbrain and rostral hindbrain neurons in addition to mDNs.
Thus, forced expression of a single transcription factor can be
sufficient for highly efficient lineage programming under
signaling conditions that render these neural progenitor cells
competent to differentiate into the desired cell lineage. However,
it has remained unclear how different types of lineage- and
region-specifying transcription factors should be selected to
effectively influence lineage selection in progenitors that intrinsi-
cally lack the competence for the generation of desired cell
types. Here we examined the capacity for efficient lineage selec-
tion by individual and combinatorial transcription-factor expres-
sion either under ‘‘permissive’’ or ‘‘nonpermissive’’ signaling
conditions. These studies provide a framework for how highly
enriched cultures of specific neurons can be generated by
forced expression of region- and lineage-specific transcription
factors.
RESULTS
Extrinsic Signaling Factors Induce Regional
Competence during Neuronal Differentiation of ESCs
In addition to mDNs, a number of other clinically interesting
neuronal cell types, including vMNs, sMNs, and 5HTNs, are
located at specific axial levels in the ventral neural tube. These
neuronal cell types are induced by Shh and further confined to
specific rostral-caudal levels by FGF8, which promotes
midbrain/rostral hindbrain development, and RA, which spec-
ifies more caudal cellular identities (Figure 1A). To mimic the
in vivo signaling environment in vitro, we exposed differentiating
wild-type mouse ESCs to these signals in a monolayer protocol
in which Nestin+ neural progenitors appear after 2–5 days in
differentiation conditions (DDC) and postmitotic Tuj1+ neurons
begin to appear at 4–6 DDC. The identities of neural progeni-
tors and postmitotic neurons were examined by quantitative
real-time polymerase chain reaction (qRT-PCR) and immunocy-
tochemistry. Analysis of cells treated with the combinations of
Shh/FGF8 and Shh/RA by qRT-PCR showed that a predicted
regional specification of mESC-derived neural progenitors was
induced (Figure 1B). Addition of Shh/FGF8 to differentiating
ESCs induced a gene-expression profile resembling ventral664 Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc.midbrain gene expression (Otx2, Engrailed 1 [En1], and Lmx1a),
while Hox gene-expression defining caudal progenitor cells was
repressed. In contrast, caudal Hox genes were induced in cells
exposed to Shh/RA while expression of rostral genes was sup-
pressed under this condition (Figure 1B). Neuronal identities at
10 DDC in cultures exposed to Shh/FGF8 showed the molecular
properties of midbrain/rostral hindbrain territory, while more
caudal neurons were generated in cultures treated with Shh/
RA (Figure 1C). Together these data show that Shh/FGF8 and
Shh/RA promote the generation of cell types characteristic of
the ventral midbrain/rostral hindbrain and caudal hindbrain/
rostral spinal cord, respectively. Importantly, however, culturing
did not result in enrichment of any particular cell type. Instead,
differentiation resulted in a mixed repertoire of neuronal cell
types even after attempts to fine-tune concentrations of Shh or
RA (Figure 1D; data not shown).
Forced Expression of Intrinsic Transcription-Factor
Determinants in ESC-Derived Neural Progenitors
We previously showed that forced expression of Lmx1a under
the control of the Nestin enhancer in ESCs, cultured in the pres-
ence of Shh/FGF8, leads to efficient generation of mDNs (75%–
90%yield) and accompanying suppression of other neuronal cell
types (Friling et al., 2009). Because forced expression of a tran-
scription-factor determinant generated a predicted cell type with
such high efficacy, we tested if forced expression of cell-fate-
determining transcription factors may provide a general strategy
for efficient lineage programming of stem cells. The paired
homeodomain proteins Phox2a and Phox2b are selectively ex-
pressed and required for the specification of vMNs in the hind-
brain and in the oculomotor nucleus located lateral to mDNs in
the ventral midbrain (Figure 1A) (Dubreuil et al., 2000; Pattyn
et al., 1997, 2000). To test whether forced expression of Phox2b
promotes vMN generation during ESC differentiations, stable
mESC lines expressing Phox2b under the Nestin enhancer
(NesE-Phox2b ESCs) were differentiated under the exposure of
Shh/FGF8. As in all other transgenic ESC lines used in this study,
transgene expression was limited to Nestin-positive neural
progenitors and was robustly downregulated in postmitotic
Tuj1+ cells (see Figure S1 available online). In control cells
(ESCs stably transformed to express EGFP under the Nestin
enhancer; NesE-EGFP), progenitor and neuronal markers for
mDNs, vMNs, and 5HTNs were induced in a fraction of both
Nestin+ cells at 5 DDC and in differentiated neurons at 10 DDC
(<28% for each cell type; Figures 2B–2E). In contrast, differenti-
ation of NesE-Phox2b ESCs resulted in a remarkable enrichment
of vMN progenitor cells and postmitotic vMNs (72%) that was
accompanied by suppression of other progenitor and neuronal
markers (Figures 2B–2E; Figure S2). The enrichment of vMNs
was comparable to the yield of mDNs from NesE-Lmx1a ESCs
(Figures 2B–2E; Friling et al., 2009). Since not all ESCs will
generate Nestin+ progenitors, they will not express Nestin-
enhancer-driven transgenes and differentiate into neurons. For
completeness, the yield of specific neurons in relation to all cells
was also calculated; i.e., including those that never expressed
transgenes and adopted a neuronal lineage. This calculation
showed that enrichment of vMNs and mDNs in relation to total
cells was between 30%–40% at 10 DDC (Figure S1). In addition,
the overall yield of neurons was not influenced by Nestin-driven
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Figure 1. Extrinsic Factors Induce Region-
alization of ESC-Derived Neuronal Pro-
genitors
(A) Schematic representation showing localization
of developing mDNs, vMNs, 5HTNs, and sMNs,
and major signaling factors (Shh in blue; FGF8 in
isthmus in black) at distinct positions in the
developing neural tube. Cross-sections represent
localization of indicated neurons in midbrain (a),
rhombomere 2, 3, and 6 (b), rhombomere 5 and 7
(c) and spinal cord (d).
(B) qRT-PCR analysis of region-specific transcrip-
tion factors in wild-type ESC-derived neuronal
progenitor cells. Normalized gene expression
relative to a value of 100%, which is the maximal
gene-expression level measured in one of the
conditions for each analyzed gene.
(C) Expression of neuronal cell-type-specific
transcription factors (white) in wild-type ESC-
derived postmitotic neurons (DAPI stained blue
cells) at 10 DDC cultured in presence of either
Shh and FGF8 (upper row) or Shh and 50 nM RA
(lower row).
(D) Percentages of indicated neuronal cell types of
the total number of neurons as quantified by TUJ
expression in wild-type ESC-derived neuron
cultures in the presence of FGF8 and increasing
concentrations of Shh. Values are presented as
mean ± standard deviation (SD).
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Efficient Neuron Lineage Selection from Stem Cellstransgenes in any of the transgenic ESC lines analyzed in this
study (Figure S1). In conclusion, in ESCs grown under identical
conditions, forced expression of Phox2b or Lmx1a can limit
the developmental potential of neural progenitors with very
high efficiency and direct cells toward either vMN and mDN line-
ages, respectively (Figure 2F).
As shown in Figure 1B, Shh/RA treatment of ESCs induced
a caudal identity in neural progenitors, resulting in differentiation
of more caudal neurons, including sMNs, vMNs, and 5HTNs
(Figure 1C). We tested the ability of intrinsic transcription-factor
determinants to induce robust lineage programming also under
these conditions. In vivo, Phox2b is sufficient to induce vMN
differentiation in the caudal hindbrain (Dubreuil et al., 2000).Cell Stem Cell 8, 663–The basic-helix-loop-helix (bHLH) protein
Olig2 is expressed in sMN progenitors
within the hindbrain and in the spinal
cord and is required for the generation
of sMNs (Novitch et al., 2001; Zhou and
Anderson, 2002). Nkx2.2 is expressed in
hindbrain progenitor cells that give rise
to both vMNs and 5HTNs (Briscoe et al.,
1999; Pattyn et al., 2003). To evaluate
the ability of these transcription factors
to induce lineage programming, newly
generated NesE-Olig2 and NesE-Nkx2.2
ESC lines were tested in parallel with
the NesE-Phox2b ESC line. Also, in
cultures exposed to Shh/RA, forced
expression of Phox2b induced a strong
enrichment of vMNs (85%) accompanied
by a reduction of markers for otherneurons (Figures 3C and 3E; Figure S2). In NesE-Olig2 cells
cultured under identical conditions, vMN progenitor-cell marker
Phox2 was suppressed and sMN generation was dramatically
increased (from 10% in control cells to 90% in NesE-Olig2
cells) at the expense of other neuronal cell types (Figures 3B–
3E; Figure S2). In differentiating NesE-Olig2 cells, Nkx2.2 and
Olig2 were coexpressed in approximately 20% of progenitors
at 3 to 4 DDC, but Nkx2.2 was suppressed in later progenitors
at 5 DDC (Figure S2). It should also be noted that our results
appear to differ from a previous study showing that forced
Olig2 expression in differentiating ESCs did not increase the
yield of sMNs (Du et al., 2006). However, distinct conditions
for differentiation and differences in how transgenic Olig2 was675, June 3, 2011 ª2011 Elsevier Inc. 665
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Figure 2. Forced Expression of Transcrip-
tion Factors in ESC-Derived Neural Progen-
itors Cultured in the Presence of Shh and
FGF8
(A) Diagram schematically presenting the differ-
entiation process of ESC-derived neurons.
(B) Expression of neuronal cell-type-specific
progenitor markers in NesE-eGFP (Ba–Bc), NesE-
Lmx1a (Bd–Bf), and NesE-Phox2b (Bg–Bi) ESC-
derived neuronal progenitor cells at 5 DDC.
(C) Expression of cell-type-specific postmitotic
neuronal markers in the indicated ESC-derived
postmitotic neurons at 10 DDC (Ca–Ci).
(D) Percentage of progenitor cells expressing
indicated markers in ESC-line-derived neuronal
progenitor cells at 5 DDC.
(E) Percentage of postmitotic neurons expressing
neuron-specific markers in postmitotic neurons at
10 DDC in the indicated ESC lines.
(F) Model illustrating an apparent stochastic
induction of neuronal progenitor-specific tran-
scription factors and postmitotic neurons in
NesE-eGFP ESC-derived progenitor cells, but a
complete lineage selection in the indicated ESC
lines. Values are presented as mean ± SD.
See also Figure S1.
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Efficient Neuron Lineage Selection from Stem Cellsexpressed (maintained in postmitotic cells in Du et al., 2006)
most likely explains the different outcomes. Finally, NesE-
Nkx2.2 ESCs exposed to Shh/RA generated enriched cultures
of 5HTNs, which accounted for approximately 85% of all
TuJ1+ cells at 10 DDC (Figures 3C and 3E). FoxA2 has been
implicated in suppression of vMN fate and induction of 5HTNs
in Nkx2.2+ progenitor cells (Jacob et al., 2007). Of note, the
expression of Nkx2.2 appeared to bias cells toward 5HTNs
and suppress vMNs, probably because FoxA2 was extensively
expressed in response to Shh in ESC cultures (data not shown).
In these experiments, the enrichment of 5HTNs, vMNs, and
sMNs in relation to all cells was between 60%–65% at 10
DDC (Figure S1). Also, in the presence of Shh/FGF8, Ne-
sE-Nkx2.2 ESCs give rise not only to a high percentage of
5HTNs (60%), but also to neurons expressing vMN markers
(Figure S1). Together, these data establish that a number of
individual transcription-factor determinants (Lmx1a, Phox2b,666 Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc.Olig2, and Nkx2.2) can promote robust
lineage programming of ESC-derived
neural progenitors cultured under
‘‘permissive’’ conditions that mimic the
signaling environments in which the
desired neuronal types are generated
in vivo (Figures 2F and 3F).
Verifying Identity of Enriched
Neurons by Global Gene-
Expression Analyses
Possibilities to determine the exact
identity of ESC-derived neurons by
immunohistochemistry and RT-PCR are
limited, in particular in heterogeneous
stem-cell-derived cultures. The enrich-ment of specific neuronal cell types achieved here suggested
that a more stringent validation of neuronal cell types might be
possible by global gene-expression analysis. To test this,
mRNA was isolated from cells cultured as described in Table
S1, and three biological replicates of each condition were hybrid-
ized to Affymetrix 430 2.0 microarrays. The average Pearson’s
correlation coefficient between biological replicates was equal
or above 0.98 for all samples, demonstrating very high reproduc-
ibility and consistency between replicates. By comparing gene
expression between analyzed samples, lists of differentially
expressed genes were obtained (for details see Tables S1 and
S2). Based on the data described in Figures 2 and 3, we hypoth-
esized that these lists should enrich for genes expressed in
mDNs, 5HTNs, vMNs, and sMNs, respectively. Indeed, genes
known to be expressed in respective cell types in vivo, including
the known transcription-factor programs as well as genes char-
acteristic of the neurotransmitter phenotypes, were upregulated
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Figure 3. Forced Expression of Transcrip-
tion Factors in ESC-Derived Progenitors
Cultured in the Presence of Shh and RA
(A) Diagram schematically presenting the differ-
entiation process of ESC-derived neurons.
(B) Expression of neuronal cell-type-specific
progenitor markers in the indicated ESC-line-
derived neuronal progenitor cells at 4 DDC (Ba–Bl).
(C) Expression of neuron-specific markers in the
indicated ESC-line-derived postmitotic neurons at
8 DDC (Ca–Cl).
(D) Percentage of progenitor cells expressing
indicated progenitor markers in ESC-line-derived
neuronal progenitor cells at 4 DDC.
(E) Percentage of postmitotic neurons that express
indicated neuron-specific markers at 8 DDC.
(F) Model illustrating an apparent stochastic
induction of neuronal progenitor-specific tran-
scription factors andpostmitotic neurons in control
ESC-derived progenitor cells, but a complete
lineage selection in the indicated ESC lines. Values
are presented as mean ± SD.
See also Figures S1 and S2.
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Efficient Neuron Lineage Selection from Stem Cellsin respective samples, as predicted (Figure 4A; Figure S3).
In addition to established neuronal markers, a number of genes
matched those identified in more recent studies, including Klh1,
Dlk1, Ebf2/3, and Ptru expressed in developing mDNs, and
AW551984, FoxP1, En1,Hmx3, andMeis1/2 expressed in devel-
oping 5HTNs (Jacob et al., 2007; Wylie et al., 2010; Yin et al.,
2009) (Table S2). Interestingly, rostrally restricted serotonergic
genes En1 and Hmx3 were only enriched in neurons derived
from NesE-Nkx2.2 cells cultured in Shh/FGF8 and not in Shh/
RA (Figure 4A; Figure S3; Table S2), indicating that different
subclasses of 5HTNs can be generated by differential exposure
to either FGF8 or RA during ESC differentiation. Taken together,
these analyses support the conclusion that neuron types en-
riched as a result of transcription-factor expression correspond
to the predicted neuronal cell types.Cell Stem Cell 8, 663–To analyze cell-type-specific and
shared gene expression on a more global
scale, differentially expressed geneswere
subjected to hierarchical clustering and
visualized in a heatmap (Figure 4B; see
Supplemental Experimental Procedures).
This analysis reveals six major groups of
genes (I–VI; Figure 4B). Four groups
represent genes that are specifically en-
riched in each neuron type (I, III, IV, and
VI; Figure 4B). Two additional groups
represent genes that appear to be coex-
pressed in mDNs/5HTNs (II) and in
vMNs/sMNs (V; Figure 4B), indicating
that these two pairs of neuronal cell
types show a high degree of overlap in
gene-expression profiles. To verify the
identity of generated neurons by an even
more stringent strategy, differentially ex-
pressed genes were randomly selected
from gene lists and further analyzed byin situ hybridization in mouse embryonic CNS tissue derived
from at least three different developmental stages (Table S3).
Of 418 riboprobes that gave detectable signals somewhere in
the embryo, 352 (84%)were scoredpositive for expressionwithin
the expected neuronal cell lineages (Table S3). Accordingly, 85%
(143/169) of probes selected from the NesE-Lmx1a gene list,
77% (91/118) of probes from NesE-Nkx2.2 gene list, 95%
(58/61) of probes from NesE-Phox2b gene list, and 86% (60/70)
of probes from the NesE-Olig2 gene list were expressed within
the mDN, 5HTN, vMN, and sMN lineages, respectively (Table
S3). Figure 4C and Figure S3 show representative expression
patterns from each cell type (see also Table S3 for a summary
of in situ data). Notably, a significant proportion of analyzed
mRNAs were expressed in distinct subgroups of the studied
neuron types. For example, the transcription factor Sox6 was675, June 3, 2011 ª2011 Elsevier Inc. 667
Figure 4. Gene-Expression Profiling of Neurons Derived from ESC-Line-Derived Neuronal Progenitor Cells
(A) Microarray analysis confirms the expression of known neuronal markers in the different neuronal cell types. Samples from the different cell lines were
compared to wild-type control samples. Gene-expression values are presented as mean ± SD; *p < 0.05; log2 transformed fold-change values.
(B) Hierarchical clustering of genes with significant higher expression in the neuronal cell types derived from the indicated ESC lines as compared to wild-type
control samples. In heatmap, red indicates increased expression compared to the median level of the 12 samples and blue decreased expression. Six major
groups (I–VI) of genes are identified as either uniquely expressed in one of the neuronal cell types or with shared gene expression with one other cell type.
(C) Examples of genes belonging to the different gene groups analyzed by in situ hybridization. Shown stages and brain regions are E13.5 mouse ventral midbrain
(mDN), E12.5 ventral hindbrain (5HTN), E11.5 ventral hindbrain (vMN), and E10.5 (E11.5 for Grb14 and Snx11) ventral spinal cord (sMN). All sections shown are
transverse sections through the embryo.
See also Figure S3.
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Efficient Neuron Lineage Selection from Stem Cellsconfined to a rostral/lateral subpopulation of mDNs, while genes
like Slc17a6, Tshz1, andNfix are expressed in more caudally and
medially located mDN cell groups (Figure 4C, Figure S3). Taken
together, therefore, unbiased in situ hybridization analysis
provided ahighly stringent verification showing that thepredicted
cell types had been generated as predicted. These data also668 Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc.identified a number of potentially interesting genes not previously
associated with the development of these cell types.
Pathway Analysis in mDNs
To gain insight into functional properties of differentially ex-
pressed genes, we also undertook gene ontology (GO) (DAVID)
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Figure 5. Blocking IGF Signaling Diminished mDN Generation in Differentiating ESCs
(A) Heatmap showing expression genes associated with IGF signaling in indicated ESC-line-derived neurons. Mean expression values derived from three
samples where red indicates higher and blue lower gene-expression levels compared to the median values of nine samples.
(B–E) Generation of TH-expressing neurons from NesE-Lmx1a ESC line is severely reduced after blocking IGF signaling. (B) Untreated control cells, cells treated
with IGF1R blocking antibody (C) and with a synthetic PI3K inhibitor (LY294002) (D). (E) Percentage of TH-positive neurons generated from NesE-Lmx1a cell line
after blocking IGF signaling at different time-points relative to untreated cells.
(F–L) Differentiatingwild-type ESCs treatedwith PI3K inhibitor selectively affect the generation ofmDNs, but not vMNs and 5HTNs. (F–K) Visualization of indicated
neuron types at 10 DDC. (L) Percentage of TH-, Prph-, and 5HT-expressing neurons derived from wild-type ESCs treated with PI3K inhibitor relative to controls.
(M) IGF1/2 treatment of wild-type ESC-derived neural progenitors results in increased number of TH-expressing neurons.
(N) Percentage of TH-expressing neurons derived from wild-type ESC cultures treated with IGF1/2 at progenitor and postmitotic stage relative to controls. Mean
values ± SD; **p < 0.01, *p < 0.05.
See also Figure S4.
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Efficient Neuron Lineage Selection from Stem Cellsand pathway analysis of gene chip data (ToppGene Suite) (Chen
et al., 2009; Dennis et al., 2003). Genes associated with tran-
scriptional regulation was one of the functional categories that
was overrepresented in all analyzed neuronal cell types. Thus,
a large number of neuronal lineage-specific transcription factors
that have not been associated with these cell types before were
identified (Table S4), including Tcf12, Bnc2, Zcchc12, and
Foxp2, which are broadly expressed in developing mDNs and
may therefore play a role in their differentiation (Figure 4C; Fig-
ure S3). Results from the pathway analysis were consistent with
previous results showing that Wnt and TGFb signaling pathways
are functionally important in developing mDNs, since genes
associated with these two pathways were clearly enriched in
mDNs versus vMNs (Figure S4) (Prakash andWurst, 2006). Inter-
estingly, this analysis also indicated that insulin growth factor
(IGF) signalingmay be important in this lineage, since associated
genes are clearly enriched in mDNs (Figure 5A; Figure S4). In situ
hybridization analysis ofmouse embryonicCNS tissue confirmed
highly specific expression of these genes within developingmDNs (Figure S4). Moreover, IGF added to wild-type ESC-
derived neural progenitors at 3–6 DDC resulted in a robust
enhancement of TH+ neuron generation while IGF did not affect
postmitotic neurons when administered at 6–10 DDC (Figures
5Mand5N).Consistently, inhibition of the IGFsignalingpathways
reduced the generation of TH+ cells (Figures 5B–5G) without
affecting other neuronal cell populations (Figures 5H–5L). The
effect was more pronounced when IGF-signaling was inhibited
early at theprogenitor stageof differentiation. The results indicate
that IGF signaling influences mDN specification or early differen-
tiation in neural progenitor cells. Taken together, these studies
demonstrate the potential of large-scale expression analysis for
the identification of genes and pathways of potential importance
during neuronal development and for stem cell engineering.
Efficient Lineage Reprogramming in Noncompetent
ESC-Derived Neural Progenitor Cells
The data presented above show that highly efficient lineage
selection into specific neuronal cell types can be achieved byCell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc. 669
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Figure 6. Differential Regional Competence of ESC-Derived Neural Progenitor Cells
(A) Analysis of mDN generation at 10 DDC in neurons derived from wild-type and NesE-Lmx1a ESCs cultured under indicated conditions. Differentiated cultures
were analyzed for cells coexpressing TH and Lmx1a.
(B) Relative gene-expression levels of region-specifying transcription factors in wild-type and NesE-Lmx1a ESC-derived neuronal progenitor cells determined by
qRT-PCR. Normalized gene expression relative to a value of 100%, which is the maximal gene-expression level measured in one of the conditions for each
analyzed gene. Data is represented as mean values ± SD.
(C) Analysis of forebrain- and hindbrain-specific neuronal markers (white) in wild-type and NesE-Lmx1a ESC-line-derived postmitotic neurons (DAPI in blue)
cultured under indicated conditions.
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Efficient Neuron Lineage Selection from Stem Cellsforced expression of selected transcription-factor determinants
in stem-cell-derived neural progenitors. However, in previous
experiments (Figures 2 and 3), we attempted to mimic in vivo
signaling environments that would facilitate desired lineage
selection events. We next wished to analyze the competence
of Lmx1a-induced programming also in progenitors induced to
adopt anterior-posterior identities that may be considered
nonpermissive; i.e., under conditions when mDNs are normally
not generated in control ESCs. Thus, control or NesE-Lmx1a
ESCs were differentiated in the presence of either Shh alone,
Shh/FGF8, Shh/5 nM RA, or Shh/50 nM RA, which induced
progenitor cells with a progressive rostral-to-caudal regional
character as indicated by qRT-PCR analysis of markers typical
of forebrain (Shh), midbrain/rostral hindbrain (Shh/FGF8),
hindbrain (Shh, 5 nM RA), and caudal hindbrain/spinal cord
(Shh/50 nM RA), respectively (Figure 6B). As expected, mDNs
could only be derived from control stem cell cultures that
were treated with Shh/FGF8 (Figure 6A). Interestingly, however,
when cultures were exposed only to Shh (forebrain condition),
forced Lmx1a expression efficiently induced mDNs and sup-670 Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc.pressed Nkx2.1-positive forebrain neurons by repressing
expression of non-mDN progenitor markers (Figures 6A and
6C). In contrast, cells exposed even to a very low concentration
of RA (5 nM) did not show any competence to generate mDNs
from NesE-Lmx1a ESC-derived progenitors and hindbrain-
specific neuronal fates, and progenitor markers were not
suppressed (Figures 6A–6C). Thus, RA signaling renders differ-
entiating progenitors incompetent to differentiate into mDNs
even after forced Lmx1a expression.
Competence of ESC-derived ‘‘forebrain’’ progenitors to
efficiently generate mDNs is presumably due to a relatively
high degree of molecular similarity between forebrain and
midbrain progenitors as compared to caudal hindbrain/spinal
cord progenitors (Figure 6B; Okada et al., 2004). We next
speculated that the inability of Lmx1a to induce mDNs in caudal-
ized cells could be challenged by combinatorial expression
of developmental transcription factors that are normally sup-
pressed by RA signaling. Otx2 and Engrailed 1 are two such tran-
scription factors that contribute to the regional specification of
fore-/midbrain territories, including the region in which mDN
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Figure 7. Lineage Reprogramming in Noncompetent ESC-Derived Neural Progenitor Cells
(A–L) Lentiviral transduction of NesE-Lmx1a ESC-line-derived neural progenitors cultured in presence of signaling factors (as indicated) that induce progressive
rostral-to-caudal regional characters in cultured neural progenitors. mDN neurons as visualized by TH and Nurr1 coexpressing cells at 12 DDC.
(M) Percentage of TH-expressing neurons derived from control and lentiviral-transduced wild-type and NesE-Lmx1a ESC neural progenitor cells treated with
5 nM and 50 nM RA.
(N) Marker analysis of TH-positive neurons derived from double lentiviral-transduced NesE-Lmx1a progenitor cells cultured in the presence of Shh and 50 nMRA
after 12 DDC.
(O) Generation of 5HTNs, vMNs, and sMNs is reduced in 10 DDC neuronal cultures derived from double lentiviral-transduced NesE-Lmx1a progenitor cells
cultured in the presence of RA.
(P) Percentage of indicated neuronal cell types derived from lentiviral En1- and Otx2-transduced NesE-Lmx1a derived progenitor cells cultured in the presence of
50 nM RA.
(Q) Extensive passaged human-forebrain-derived neuronal progenitor cells were transduced with different combinations of lentiviruses and analyzed for TH, Dat,
andNurr1 expression. Three TF denotes cells transducedwith lentivirus-expressing Lmx1a, En1, andOtx2; four TF for Lmx1a, En1, Otx2, and Foxa2. The data are
presented as mean values ± SD; **p < 0.01; *p < 0.05.
See also Figure S5.
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Efficient Neuron Lineage Selection from Stem Cellsprogenitors are specified (Liu and Joyner, 2001; Simeone et al.,
2002; Wurst et al., 1994). Lentiviral expression vectors for both
Otx2 (L-Otx2) and En1 (L-En1) were used to transduce progen-
itor cells during differentiation of wild-type and NesE-Lmx1a
cells (Figure S5). High levels of Otx2 and En1 expression could
be observed in virus-infected cells at 4 DDC. At that time-point,
RA-treated NesE-Lmx1a-derived progenitor cells had obtained
a gene-expression profile characteristic for caudalized progeni-
tors (Figure S3). Wild-type or NesE-Lmx1a ESC-derived progen-
itors were infected with different combinations of En1 and Otx2
and analyzed at 12 DDC (Figure 7). Forced expression of En1,Otx2, or combinations of the two transcription factors in progen-
itor cells that differentiated in the presence of Shh and low
levels (5 nM) of RA induced neurons expressing mDN markers;
thus, they are referred to as ‘‘mDN-like’’ (Figures 7E, 7H, 7K,
and 7M). However, their ability to induce mDN markers was
completely abolished in cultures that were treated with high
levels (50 nM) of RA (Figures 7F, 7I, and 7M). Strikingly, however,
the combination of all three factors induced mDN-like neurons
in cells treated with both 5 and 50 nM RA (Figures 7K–7M). Of
note, triple transcription-factor-expressing cells treated with
Shh and 50 nMRA expressed additional mDNmarkers, includingCell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc. 671
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Efficient Neuron Lineage Selection from Stem Cellsendogenous nontransgenic Lmx1a, Lmx1b, FoxA2, FoxP1,
FoxP2, Pitx3, Bnc2, and DAT in virtually all TH-positive cells,
further indicating that mDN or mDN-like neurons had been
generated (Figure 7N; Figure S5). In addition, mDN subtype-
specific markers, including Girk2, Calbindin, Raldh1, and Sox6,
are expressed in the induced mDN-like neurons while nonme-
sencephalic dopamine neuron markers were not identified
(Figure S5). Suppression of caudal neuronal cell-types was
achieved by efficient repression of non-mDN fate determinants
in triple transcription-factor-expressing neuronal progenitor cells
(Figures 7O and 7P; Figure S5). An estimated 40% of all progen-
itor cells coexpressed the three transcription factors at 4 DDC
after transduction of L-En1 and L-Otx2 in NesE-Lmx1a ESCs.
This ratio correlates with the ratio of neurons expressing mDN
markers at 10 DDC (Figure 7M). Thus, lineage reprogramming
by the three factors occurs in virtually 100% of all caudalized
progenitor cells coexpressing the introduced transcription
factors. In contrast, Lmx1a/Otx2/En1-induced mDN-like cells
were not induced when Shh signaling was blocked by the
addition of cyclopamine, thus indicating that ventralization by
Shh is required for the three factors to induce mDNs (data not
shown). Since transcription factors can induce lineage reprog-
ramming in ESC-derived progenitor cells very efficiently, we
hypothesized that the same approach could also be applied in
more clinically amenable stem cell sources, like human neural
progenitor cells. Fetal neural tube-derived human neural progen-
itor cells have no or very low tumor-forming propensity after
grafting (Tabar et al., 2005). However, extensively passaged
neural progenitor cells lose their competence to respond to
regionalization-inducing signaling cues, and therefore it has
been difficult to direct the differentiation of these cells into
specific neuron types. Indeed, extensively passaged neural
progenitors originally isolated from fetal week-8-forebrain and
exposed to signaling factors such as Shh and FGF8 did not result
in increased numbers of TH+ mDN-like neurons (Caldwell et al.,
2001; Chung et al., 2006). Interestingly, however, lentiviral
vector-mediated expression of a combination of Lmx1a, Otx2,
and En1 induced a 3-fold increase in TH+ neurons and a dramatic
>8-fold increase of neurons coexpressing TH with Nurr1 and
DAT (Figure 7Q). Moreover, expression of a combination of
four transcription factors (Lmx1a, Otx2, En1, and FoxA2)
increased the yield of TH+ neurons to 25% of all differentiated
neurons (Figure 7Q). Taken together, these results show that
a relatively simple combinatorial transcription-factor code can
promote very robust lineage reprogramming even in neural
progenitors that under normal conditions are refractory to mDN
differentiation.
Discussion
The cellular complexity of the CNS provides a major challenge
in attempts to select and control cell lineage choice for the
generation of specific neuronal cell types from stem cells. Here
we addressed this important issue and demonstrated how
several types of clinically important neuron types can be effi-
ciently generated from ESCs by the expression of selected
transcription factors. Furthermore, we show how different
signaling environments under ESC differentiation influence
cellular competence for transcription-factor-mediated lineage
selection and how combinatorial transcription-factor expression672 Cell Stem Cell 8, 663–675, June 3, 2011 ª2011 Elsevier Inc.can induce a selected neuronal lineage also in more nonpermis-
sive cellular contexts. The results thus provide a rationale
whereby principally any neuron type can be efficiently generated
by the expression of selected transcription factors in stem cells.
The extensive heterogeneity almost generally seen in efforts to
differentiate stem cells into specific neuron types indicates that
the tight regulatory requirements for achieving highly controlled
cell-fate choices in vivo are very difficult to recapitulate in ESC
culture. Consequently, a stochastic influence on cell lineage
seems inevitable, even with refined methods for stem cell engi-
neering using extrinsic signaling factors. However, we showed
here that forced transcription-factor expression could induce
specific lineage programming into selected neuronal cell types
from virtually all transcription-factor-expressing neural progen-
itor cells generated under appropriate permissive culturing
conditions. Such robust lineage selection, here referred to as
‘‘complete’’ lineage selection, is clearly distinct from the mixed
generation of cell types in cultures treated only with extrinsic
signaling factors or after reprogramming into, for example,
iPSCs, neurons, or cardiac muscle cells from fibroblasts, which
are infrequent and apparently stochastic events that require
ongoing cell division over considerable time (Feng et al., 2008;
Hanna et al., 2009; Ieda et al., 2010; Stadtfeld et al., 2008; Vier-
buchen et al., 2010).
Importantly, complete lineage programming enabled genome-
wide comparative gene-expression analysis in parallel for
several developmentally related stem-cell-derived neuronal cell
types. This is a significant outcome of our experiments, since
the successful utilization of stem cells for cell therapy and for
studying cell pathology in culture will critically depend on the
correct verification of cell types. Conventional cell-type verifica-
tion in heterogeneous stem cell cultures is usually limited to
immunodetection and RT-PCR of only a few cell-type-specific
markers. In contrast, the genome-wide expression arrays
combined with analysis by large-scale in situ hybridization
described here provide, to our knowledge, an unprecedented
molecular profiling and verification of stem-cell-derived neurons.
In addition, this comparative analysis also provides a unique
opportunity for detailed analysis of new features and molecular
relationships in the studied neuron types. Notably, our data
indicated that IGF signaling has potential importance in mDN
development. Although further studies are required to elucidate
the mechanisms whereby IGF stimulates the generation of TH+
mDNs, these data suggest that IGF, or compounds that can
positively modulate IGF signaling, may be of significance in
efforts to further refine ESC differentiation protocols.
The comparative gene-expression analysis also revealed
molecular relationships between specific ventral neuronal cell
types. Interestingly, we found that developmental origin does
not necessarily predict relatedness of differentiated neuronal
progeny at the level of global gene-expression profiles (Fig-
ure S3). Thus, although hindbrain 5HTNs and vMNs originate
from a common progenitor pool in vivo (Pattyn et al., 2003), the
gene-expression profile of 5HTNs is more similar to mDNs rather
than to vMNs. Thus, the gene-expression profiles of 5HTNs and
mDNs converge as their respective progenitor cells differentiate
into neurons. Resemblance in gene expression is in part a reflec-
tion of common genes required for neurotransmitter synthesis
and storage in 5HTNs and mDNs, but many novel genes that
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Efficient Neuron Lineage Selection from Stem Cellsare shared between these cell types were also identified,
including the transcription factors Uncx, Zfhx4, and Zcchc12
(Figure 4C; Figure S3; Table S3).
It is important to consider the principal basis for highly efficient
generation of specific neuron cell types after forced expression
of transcription factors. In our approach to achieve complete
lineage selection, we expressed lineage-specific transcription
factors under conditions that impose a permissive regional
character to cultured ESC-derived neural progenitor cells. We
propose that complete lineage programming can be achieved
if a regional transcription-factor network is amenable to exoge-
nous expression of lineage-specific transcription factors such
as Lmx1a, Phox2b, and Olig2. Only in such permissive cellular
contexts are lineage-specific transcription factors evolutionarily
adapted, and thus competent, to influence the regional regula-
tory network. As a result, they will induce binary developmental
switching, resembling how transcription-factor determinants op-
erate in normal embryonic development, as previously demon-
strated in numerous gain- and loss-of-function experiments in
chick and mouse embryos (Andersson et al., 2006; Briscoe
et al., 1999; Novitch et al., 2001; Zhou and Anderson, 2002).
Forced transcription-factor expression under a transgenic
promoter/enhancer, which is largely insensitive to themicroenvi-
ronmental signaling and transcriptional cross-inhibition, will
therefore induce close to unidirectional rerouting of cells, which
may otherwise differentiate along alternative paths.
In contrast to the complete lineage selection demonstrated in
permissive neural progenitors, Lmx1a was unable to induce
lineage conversion in cells caudalized by RA. The corresponding
regional constraints for lineage selection by transcription factors
have also been observed in vivo. For example, Olig2 is only
sufficient to induce ectopic sMNs in ventral and intermediate
positions of the neural tube, but not in more dorsal progenitors
(Novitch et al., 2001). Similarly, Lmx1a can only induce ectopic
mDNs in the ventral but not in the dorsal midbrain, and its activity
is also constrained along the anteroposterior axis of the neural
tube (Andersson et al., 2006). However, a combination of factors,
including the region-specifying factors Engrailed 1 and Otx2, in
addition to Lmx1a, induced neurons that were identical or highly
related to mDNs (referred to as mDN-like), even in caudalized
progenitors with an intrinsic propensity to generate caudal
neurons, including sMNs. Thus, complete lineage reprogram-
ming can also be achieved under nonpermissive culturing condi-
tions in cells with a ‘‘remote’’ spinal cord identity. We propose
that Engrailed 1 and Otx2 contribute with regional regulatory
context, rendering cells permissive to the more dedicated factor
Lmx1a. The triple combination of transcription factors can thus
enforce complete suppression of caudal neuronal identities,
and concomitant establishment of the mDN gene regulatory
network. These findings emphasize the importance of studying
how lineage-specifying transcription-factor determinants oper-
ate in the context of more broadly expressed region-specifying
factors, as this understanding will be critical for selecting appro-
priate combinations of transcription factors with a capacity to
induce complete lineage reprogramming.
The potential to induce complete lineage reprogramming also
in more remote, noncompetent contexts has important practical
implications for the use of engineered neurons in cell therapy and
for studying cell pathology in culture. Pluripotent stem cells areusually considered interesting for stem cell engineering due to
their multipotential capacity, but alternative cell sources may
have distinct advantages (e.g., a lower propensity to form tumors
after grafting [Elkabetz et al., 2008; Tabar et al., 2005]). As dis-
cussed, the high diversity of the developing CNS raises special
challenges with regard to using only extrinsic signaling factors
in stem cell engineering, and transcription-factor-driven lineage
programming may be highly relevant in particular for the
generation of desired neuron types from neural stem cell lines
with limited developmental potential. Indeed, our results using
human-derived neural progenitors indicate that forced combina-
torial transcription-factor expression will be an important route to
induce lineage reprogramming in more distant, but clinically
superior, fetal or adult stem cell populations.
EXPERIMENTAL PROCEDURES
Differentiation and Lentiviral Transduction of ESCs and Human
Neural Progenitors
Mouse ESC lines were generated as described in Supplemental Experimental
Procedures. ESCs (E14.1) were maintained as described (Andersson et al.,
2006) and stable ESC lines expressing transcription factors under control of
Nestin enhancer (Andersson et al., 2006; Friling et al., 2009) were differentiated
in various growth factor conditions. For details see Table S1 and Supplemental
Experimental Procedures. For lentiviral production and transduction of ESC
cultures, see Supplemental Experimental Procedures.
Purification of ESC-Derived Postmitotic Neurons
ESC-line-derived postmitotic neurons were sorted out from other cell types
using magnetic sorting (Miltenyi Biotec) as described previously (Volakakis
et al., 2010).
RNA Extraction and Microarray Hybridization
Total RNA was extracted from 500,000 neurons using QIAGEN RNeasy Micro
Kit (QIAGEN) from three independent experiments. Total RNA was amplified
and hybridized to Affymetrix GeneChipMouse Genome 430 2.0 arrays accord-
ing to the manufacturer’s instructions. All microarray data will be available at
the NCBI Gene Expression Omnibus database under the accession number
GSE27655.
Microarray Data Analysis
Microarray data was processed as described in Tables S1 and S2 and Supple-
mental Experimental Procedures.
Quantitative Real-Time PCR
cDNA was synthesized from total RNA using the reverse transcriptase Super-
ScriptII and the primer OligodT (Invitrogen). Real-time PCR was performed
using SYBR Green Master Mix (Invitrogen). Gene expression values were
normalized against GAPDH or RPL19, and fold change was calculated using
the ddCT method.
Statistical Analysis
Statistical significance was calculated using unpaired two-tailed Student’s t
test. p < 0.05 was considered significant.
ACCESSION NUMBERS
The GEO accession number for the newmicroarray data reported in this paper
is GSE27655.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
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